Purpose: To describe the epidemiology of intra-abdominal infection in an international cohort of ICU patients according to a new system that classifies cases according to setting of infection acquisition (community-acquired, early onset hospital-acquired, and late-onset hospital-acquired), anatomical disruption (absent or present with localized or diffuse peritonitis), and severity of disease expression (infection, sepsis, and septic shock).
Introduction
Severe intra-abdominal infections are a frequent and important issue in intensive care (ICU). According to international literature, the abdomen often ranks first or second among the sources of infection or sepsis [1] [2] [3] .
Intra-abdominal infections pose several particular clinical challenges. First, there is a large span of disease severity ranging from uncomplicated cases to fulminant septic shock and multi-organ dysfunction. Second, there is the broad spectrum of pathogens including Gram-positive and Gram-negative aerobic bacteria, anaerobes, and fungi [4] . Third, the contribution of microbiological diagnosis is not straightforward as cultures cannot always readily discriminate true pathogens from harmless micro-organisms [5, 6] . Furthermore, source control encompassing all interventions to eradicate the source of infection, control on-going contamination, and to restore anatomic derangements and physiologic function, is key to clinical management and success, but often difficult to achieve [5, 7, 8] . Finally, there is the wide variety of clinical entities within intraabdominal infections. Besides local abscess formation or solid organ infection (e.g., liver abscesses and infected pancreatic necrosis), a classic approach recognizes three types of peritonitis: i.e., primary peritonitis (peritoneal dialysis-related or spontaneous bacterial peritonitis), secondary peritonitis (following anatomical disruption of the GI tract), or tertiary peritonitis (persistent infection despite adequate source control intervention). In addition, cases of intra-abdominal infection are often classified as uncomplicated or complicated. Complicated describes extension of infection from their source into the peritoneal cavity.
Because of this heterogeneity, the intra-abdominal infections are difficult to study [9] . To bring more clarity in the terminology, an alternative classification for intra-abdominal infections has been proposed [10] . This system classifies intra-abdominal infections according to their setting of acquisition (community-acquired, healthcare-associated or early onset hospital-acquired, or late-onset hospital-acquired), presence of anatomical disruption (either absent or present resulting in localized or diffuse peritonitis), and severity of disease expression (infection, sepsis, or septic shock). This classification defines different phenotypes of the same disease (e.g., diverticulitis) by covering aspects of (i) the extent of intra-abdominal contamination reflecting the complexity of source control, (ii) level of associated organ failure indicating sense of urgency and prognosis, and (iii) likelihood of antimicrobial resistant micro-organisms or otherwise important pathogens which may require broader antimicrobial coverage (enterococci, Candida spp.) .
The objective of the study was to describe the epidemiology of intra-abdominal infection in an international cohort of ICU patients and to validate the predictive value for mortality of an alternative classification system. acquisition, anatomical barrier disruption, and severity of disease expression [10] . Setting is community-acquired, healthcare-associated and/or early onset hospitalacquired (≤ 7 days of hospital admission), or late-onset hospital-acquired (> 7 days of hospital admission [12] ). Healthcare-associated onset is defined by at least one of the following risk factors for multidrug-resistant pathogens: nursing home resident, out-of-hospital parenteral nutrition or vascular access, chronic dialysis, recent hospital admission (< 6 months), or recent antimicrobial therapy (< 6 months). For convenience sake, 'healthcareassociated and/or early-onset hospital-acquired' cases are designated 'early-onset hospital-acquired' . Intra-abdominal infections were classified as either without anatomical disruption, or with anatomical disruption resulting in localized or diffuse peritonitis (i.e., contamination spread to entire abdominal cavity). Severity of disease expression is defined as either infection, sepsis, or septic shock [13] . Microbiological assessment was left at the discretion of the physician. Eligible cultures included intra-operative cultures, trans-abdominal fine-needle aspiration, blood cultures presumably related to the intra-abdominal infection, and cultures from abdominal drains sampled ≤ 24 h post-surgery. Thresholds for resistance were those as reported by The European Committee on Antimicrobial Susceptibility Testing (EUCAST) [14] . Antimicrobial resistance was defined as methicillin resistance for Staphylococcus aureus, vancomycin resistance for enterococci, and for Gram-negative bacteria either production of extended-spectrum beta-lactamase (ESBL), carbapenem resistance, or fluoroquinolone resistance (resistance against ciprofloxacin, levofloxacin, or moxifloxacin). To assess relationships between resistance and mortality, we also used the definition of "difficult-totreat" resistance for Gram-negative bacteria. This combines resistance to all tested carbapenem, beta-lactam, and fluoroquinolone agents, and is associated with worse clinical outcomes in bloodstream infection [15, 16] . We deviated from this definition, however, using ESBL production as a proxy for resistance against penicillins, cephalosporins, and monobactams. For reporting microbiological results, the number of patients with cultures sampled is used as denominator. Data on anti-infective management included antimicrobial therapy and source control. Antimicrobial coverage of empiric therapy was evaluated for basic coverage (i.e., coverage of Grampositive, Gram-negative, and anaerobic bacteria), and the association of an antimicrobial agent or initial choice with potential clinical activity against Pseudomonas aeruginosa, methicillin-resistant S. aureus (MRSA), enterococci, vancomycin-resistant enterococci (VRE), and Candida. In this regard, coverage of enterococci targets Enterococcus faecalis [6] . Outcome data included source control assessment 7 days post-diagnosis or earlier if the patient died within that time window. Source control was judged as either successful or having failed. Failure represented either persistent inflammation (clinical evidence of a remaining source of infection) or the necessity of re-intervention following the initial approach (conservative management or source control intervention). Main outcome is ICU mortality with a minimum of 28 days of observation.
Data management and statistical analyses
Simple descriptive statistics were used to characterize the study population; continuous data were summarized by median and interquartile range, categorical data as n (%). Logistic regression analysis was used to assess relationships with mortality. Details on the regression models are in Supplement-1. It can be considered inappropriate to include 'source control achievement at day 7' in the model as this covariate is instrumental to the biological pathway between infection onset and mortality. Therefore, we report a logistic regression model with and without source control achievement.
Results
During the study period, 2850 patients were included; 229 were excluded, because essential data were missing. As such, 2621 patients from 309 ICUs from 42 countries were entered for analysis. Most patients were included in various European regions (n = 1830; 69.8%), followed by Middle & South America (n = 366; 14.0%), North Africa & Middle-East (n = 214; 8.8%), Asia-Pacific (n = 174; 6.6%), North America (n = 29; 1.1%), and Sub-Saharan Africa (n = 8; 0.3%) (Supplement-3).
Characteristics of the study cohort according to setting of infection acquisition are reported in Table 1 . Setting of infection acquisition was communityacquired in 828 patients (31.6%), early onset hospital-acquired in 656 patients (25.0%), and late-onset hospital-acquired in 1137 patients (43.4%). Underlying conditions were more frequently observed in cases with healthcare-associated or hospital-acquired infection. Cases with hospital-acquired infection had higher SOFA scores and more often septic shock.
The vast majority of cases involved secondary peritonitis (68.4%), followed by biliary tract infection (12.2%), intra-abdominal abscess (6.9%), and pancreatic infection (6.3%). Primary peritonitis, toxic megacolon, peritoneal dialysis-related peritonitis, and typhlitis were less frequent (< 4%). Details on the distribution according to setting of infection acquisition are reported in Table 2 .
Microbiology
Microbiological samples were obtained in 1982 patients (75.6%). In 80.4% of these patients, at least one culture was found positive (n = 1594). Figure 1 reports the type of samples obtained with their respective proportion of culture positivity. Gram-negative bacteria were most frequently isolated (58.6%) with Enterobacterales as predominant family (51.7%) and Escherichia coli as most common pathogen (36.8%). Gram-positive aerobic bacteria were isolated in 39.4% of patients with enterococci as most prevalent species (25.9%) . Furthermore, anaerobic bacteria and fungi were isolated in 11.7% and 13.0% of patients, respectively. Detailed results on isolated micro-organisms are reported in Table 3 . Multidrug-resistant micro-organisms were isolated from 522 patients (26.3%). Antimicrobial resistance rates were not different among community-acquired (26.5%), early onset hospital-acquired (29.0%), and lateonset hospital-acquired infection (24.6%) (p = 0.215). There was also no difference in antimicrobial resistance among patients with infection (27.6%), sepsis (26.9%), and septic shock (25.0%) (p = 0.449). Antimicrobial resistance is mainly a matter of Gram-negatives, but variations according to geographic region are substantial ( Table 4 ). Regions of particular concern include Eastern-and South-East Europe, North Africa and the Middle-East, and Latin America as > 35% of patients are infected by at least one antimicrobial resistant microorganism. Antimicrobial resistance rates according to setting of infection acquisition and region are reported in Supplement-5.
Antimicrobial therapy
Data on the first-line empiric antimicrobial therapy was available from 2427 patients (92.6%). A basic schedule covering aerobic Gram-positive, Gram-negative, and anaerobic bacteria was prescribed in 2291 patients (94.4%). An anti-pseudomonal agent was prescribed in 1978 patients (81.8%). Empiric coverage of MRSA and VRE was added in, respectively, 647 patients (26.7%) and 140 patients (5.8% ). An antifungal agent was associated in 436 patients (18%). In 365 patients, two agents with anti-anaerobic activity were prescribed (15%). Double anti-anaerobic coverage was more frequently prescribed in hospital-acquired cases (18.2%) compared with community-acquired cases (14.2%) . No other differences in antimicrobial coverage according to setting of infection acquisition were observed (Supplement-6).
Source control
Data on the initial approach to control the infection are reported in 2438 patients. A source control intervention was carried out in 2334 patients (95.7%), and included drainage (94.0%), decompressive surgery (7.9%), and restoration of anatomy and function (28.2%). Among patients undergoing source control, persistent inflammation at day 7 was reported in 692 patients (29.6%). An additional intervention was deemed necessary in 382 patients (16.4%) . Among patients with an initial conservative approach (n = 104), 30 patients experienced persistent inflammation (28.8%), and a source control intervention was performed in 5 patients (4.8%). More details on source control interventions and evaluations are summarized in Fig. 2 .
Mortality
Overall mortality was 29.1% (752/2588). Univariate relationships with mortality are reported in Supplement-7. Mortality stepwise increased with ascending SOFA scores . Achievement of source control at day 7 was associated with lower mortality (248/1438, 17.2%) compared with cases with persistent inflammation (367/761, 51.8%) and those requiring surgical revision (110/389, 28.3%) (p < 0.001). We reported mortality according to setting of infection acquisition, anatomical disruption, and severity of disease expression. Mortality was 23.7% in community-acquired cases, 27.3% in early onset hospital-acquired cases, and 33.9% in late-onset hospital-acquired cases (p < 0.001). Regarding anatomical disruption, no difference in mortality was observed between patients without anatomical disruption and those with localized peritonitis (respectively, 25.0% and 24.2%, p = 0.135). Mortality in patients with diffuse peritonitis (36.0%) was higher compared with the former categories (p < 0.001). Finally, mortality stepwise increased with greater severity of disease expression: 12.8% in infected patients without sepsis, 24.5% in septic patients, and 40.3% in patients with septic shock (p < 0.001). Table 5 reports mortality rates for all different phenotypes of intra-abdominal infection according to setting of infection acquisition, anatomical disruption, and severity of disease expression. The grid describes a stepwise increase in mortality along with combinations including septic shock, diffuse peritonitis, and late-onset hospital-acquired infection.
Logistic regression analysis identified late-onset hospital-acquired infection, diffuse peritonitis, sepsis and septic shock, older age, malnutrition, diabetes mellitus, liver failure, and congestive heart failure as independent risk factors for death ( Table 6 ). The association of an anti-MRSA agent in the empiric antimicrobial scheme was associated with decreased risk of death. Antimicrobial resistance defined as MRSA, VRE, or difficult-to-treat resistant Gram-negatives did not reached the final models. However, when antimicrobial resistance in Gramnegative bacteria was defined as either ESBL production 
Discussion
This multicenter observational study provided epidemiological insights in critically ill patients with intra-abdominal infection. The multicentre input of sequential cases of intra-abdominal infection offers a global view of the case mix of different presentations of intra-abdominal infection requiring ICU admission or occurring within the framework of an ICU stay. In spite of clinical heterogeneity, the core characteristics of intra-abdominal infection are quite generic including anatomical disruption and polymicrobial infection. Because of the broad variety in intra-abdominal infections, data were described according to a new classification based on setting of acquisition, presence of anatomical disruption, and severity of disease. Irrespective of type of intra-abdominal infection, mortality was higher in lateonset hospital-acquired cases with diffuse peritonitis and septic shock. This classification allows comparison across a spectrum of intra-abdominal infections and might be used for including patients in future clinical trials. There were no differences in the prevalence of antimicrobial resistance in microbiological cultures sampled in community-acquired vs. early onset vs. late-onset hospital-acquired infection. This may be explained at least in part by the spread of resistance clones/genes into the community, as is the case for ESBL-producing or carbapenem-resistant Enterobacterales (formerly known as Enterobacteriaceae). This is certainly the case for risk regions such as Eastern and South-East Europe, the Middle-East, and Latin America, and matches with the results of a global point prevalence study on antimicrobial consumption and resistance [17] . This confirms the trend that classic risk factors for antimicrobial resistance involvement are losing predictive value as illustrated in a multicenter study reporting antimicrobial resistance in 39% of infections in patients without an obvious risk profile as evidenced by prior antibiotic exposure and/or hospitalisation [18] . This observation is highly relevant as it might stress the need for last-line antimicrobial therapy in community-acquired infection in selected regions. Considering local ecology together with the individual patient profile, and disease severity remains essential. However, antimicrobial resistance in key-pathogens isolated in intra-abdominal infection does not seem to be associated with increased virulence, as it occurred at similar rates in infection, sepsis, and septic shock. Overall prevalence of enterococci was 26% and thereby substantially higher as previously reported [19] [20] [21] [22] . This trend can be attributed to the steadily emergence of enterococci in acute care settings or to the particular composition of a cohort of exclusively critically ill patients [23] .
No differences in empiric antibacterial regimens were observed according to setting of infection acquisition. Anti-pseudomonal coverage was provided up-front in not only late-onset cases, a supposed classic risk factor for antimicrobial resistant infection, including P. aeruginosa strains, but also in community-acquired or early onset hospital-acquired infections. This is probably triggered by a safety-reflex in physicians, not to miss any potential pathogen, especially P. aeruginosa strains. Thus, the risk factor-based antibiotic strategy that appears in all guidelines seems not to be implemented in a large real-life sample of intra-abdominal infection in the ICU, reflecting response to severity.
It is reassuring that the vast majority of intra-abdominal infections in the ICU were approached by an early source control intervention. It has been established that surgery needs to be performed after hemodynamic stabilization, but nevertheless should be performed as early as possible aiming at damage control [24] . The importance of source is evidenced by the increased mortality among patients with persistent inflammation or need for additional surgical intervention. Late-onset hospital-acquired infection, diffuse peritonitis, and septic shock were identified as independent risk factors for mortality, and confirm the robustness of the new classification system for risk stratification. Antimicrobial resistance defined as either MRSA, VRE, ESBLproducing, or carbapenem-resistant Gram-negative bacteria was independently associated with increased mortality . Surprisingly, however, the more strict definition of either MRSA, VRE, or difficultto-treat resistant Gram-negative bacteria was not associated with increased mortality. Probably, the cohort lacked sufficient power as in only 85 patients, difficult-to-treat Gram-negatives were involved vs. 341 ESBL-producing or carbapenem-resistant Gram-negative bacteria. We have no explanation for the favorable association with anti-MRSA agents. This can hardly be due to the anti-MRSA Table 4 Rates of antimicrobial resistance in intra-abdominal infections according to geographic region % Represent proportion per column; Resistance rates reflect proportion of patients in which resistant strains are isolated (e.g., n MRSA/total n patients) and do not represent proportion of resistance within particular pathogens (e.g., n MRSA/total S. aureus isolates)
Denominator for microbiological data includes only patients in which cultures were sampled (data from South Africa are excluded as they included only seven patients) [25, 26] .
Legend: Several types of source control interventions could have been executed in a single patient. This study has limitations. This is an observational cohort study disposed to confounding. Some geographic regions are poorly represented obstructing conclusive results. Evaluation of source control achievement remains a subjective appreciation performed by the attending physician; given the study scale, it was not feasible to establish an independent panel for in-depth evaluation of source control as previously reported [27] . At the same line, given the observational study design, there was no predefined approach to source control [7] . In addition, with this paper, we intended to provide a general epidemiological snapshot. Therefore, detailed country-specific or disease-specific analyses fell outside the scope of this report. Finally, we could not report the proportion of ICU patients with intra-abdominal infection/sepsis as the total number of admissions during the inclusion of cases was not recorded.
In conclusion, this multinational cohort of ICU patients with intra-abdominal infection revealed that late-onset healthcare-associated infection, diffuse peritonitis, and sepsis or septic shock are independent risk factors for mortality. Therefore, setting of infection acquisition, anatomical disruption, and severity of disease expression are disease-specific phenotypic characteristics associated with outcome, irrespective of the type of intra-abdominal infection. Antimicrobial resistance is mainly an issue of Gram-negatives and a particular concern in specific geographic areas and associated with worse outcome as was failure of source control.
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Table 6 Independent relationships with mortality in critically ill patients with intra-abdominal infection
The variable "antimicrobial resistance" defined as either MRSA, vancomycin-resistant enterococci (VRE), or difficult-to-treat resistant Gram-negative bacteria did not achieve the final regression model. Supplement-9 reports the results of the logistic regression models with antibiotic resistance defined as either MRSA, VRE, ESBLproducing, or carbapenem-resistant Gram-negative bacteria. In these logistic regression models, antibiotic resistance was associated with increased risk of mortality, while other covariates remained stable OR odds ratio, CI confidence interval, MRSA methicillin-resistant Staphylococcus aureus *Area under the receiver-operating curve characteristic: 0.778; **Area under the receiver-operating curve characteristic: 0.689
Variable
Model with source control achievement* OR (95% CI)
Model without source control achievement** OR (95% CI) 
Setting of infection acquisition

